Introduction
Glioblastoma multiforme (GBM) is the most aggressive primary brain tumor of adults with a median overall survival of around a year (1) . Primary treatment modalities consist of maximal safe surgical resection and radiochemotherapy with temozolamide followed by temozolamide chemotherapy (2) . Despite multimodality treatment, almost all patients experience recurrence and prognosis remains dismal for these patients (3).
The treatment of recurrent patients is challenging because of, high rates of morbidity and toxicity of treatment in this setting. Second surgery, can be performed in a subset of patients, but it may cause a high risk of neurologic sequele, because of the infiltrative behavior of the tumor (4) . Bevacizumab plus irinotecan combination chemotherapy, demonstrated significant antitumor activity in recurrent GBM with a 6 month progression free survival, which resulted with its approval by the US Food and Drug Administration (5-7).
However, treatment options for recurrent patients remain limited and optimal treatment schedules should be established.
Another effective treatment option for recurrent GBM is reirradiation, which can be achieved with stereotactic radiosurgery (SRS) in the form of cyberknife treatment. Stereotactic radiosurgery is a good therapeutic option to deliver high-dose radiation to a definite target volume with minimizing re-irradiation to nearby healthy tissues (8) . The risk of radionecrosis is the primary limitation of this treatment.
This study evaluated the efficacy and tolerability of cyberknife treatment in patients with recurrent GBM. We aimed to define a group of patients who would most benefit from cyberknife treatment.
321
Medical Science and Discovery, 2018; 5(9):320-5
Material and Methods

Patients
Patients with GBM who received cyberknife re-irridation as a part of recurrence treatment in any line included in to the study. A total of 24 GBM patients identified from 2011-2015 at our instution. Primary therapy of the included patients after diagnosis mostly consisted of total surgical excision, radiotherapy at a dose of 60 Gy with temozolamide and sequential adjuvant temozolamide chemotherapy. Patients were followed with clinical assessment and magnetic resonance imaging (MRI) scans with diffusion, perfusion and spectroscopic sequences which were performed 6-8 weeks after treatment and at 2-month intervals thereafter. No patient was lost from follow up.
Radiation treatment planning
Treatment planning was performed with Accuray system. The cyberknife include a linear accelerator attached on a robotic arm with six degrees of freedom. It delivers 6 MV photons. All patients undergoing irradiation were immobilized with custom-made thermal plastic masks.
Treatment planning MRI and computed tomography (CT) images were obtained at the same day and fused. All patients had thin cut (1-1.5 mm) axial T1, post-contrast T1 and T2/FLAIR MRI. The gross tumor volume (GTV) was determined on MRI using the gadolinium enhanced T1 weighted sequence. Surrounding edema was not contained in the treatment volume. GTV was the planning target volume the with minimum margin (0-2 mm per the treating physician). Critical normal structures, such as optic nerves, chiasm, and brainstem were also contoured.
Concomittant chemotherapy was not applied. All patients received 1 mg/kg prednisolone therapy during the week of treatment and then decreased doses over a month.
Statistical analysis
Overall survival (OS) after cyberknife treatment was described as the duration between initial cyberknife treatment and death or the last follow-up for surviving patients. Kaplan-Meier curves were used to evaluate the OS. Log-rank test was used for univariate analyses and cox regression hazard modelling was used for multivariate analyses. Age (≤ 51 years and >51 years), gender (female and male), cyberknife fraction (≤5 and >5), cyberknife dose (30 Gy≤ and >30 Gy), tumor size (≤35mm and >35mm), tumor side (left and right), tumor location (frontal and the others), primary surgical procedure (subtotal and total), gross tumor volume (≤10.9 cm3 and >10.9 cm3) were included in univariate analysis. Although tumor location, age and surgical procedure were suitable for multivariate analysis, gender was also included in multivariate analysis since it might have confounding effect. Distributions of continuous variables were controlled with Shapiro-Wilk (SW) test and Histogram. Descriptive statistics were presented as frequency (percentage) for categorical variables and as mean (± standard deviation) for normally distributed continuous variables or median (minimummaximum) for not normally distributed continuous variables. Statistical analysis was performed with Statistical Package for Social Sciences for MacOS version 24.0 (SPSS Inc; Chicago, IL, USA). Type-1 error (α) was accepted as 0.05.
Results
Patient population and primary treatment parameters
A total of 24 patients who had disease relapse or progression and received cyberknife re-irridation in any line of recurrence treatment included in this study. Pathology was glioblastome multiforme for all patients. Patient characteristics are shown in Table 1 . There were 15(62.5%) males and 9(32.5) females. The most common tumor localization was temporal lobe (45.8%). Median age of patients was 51. Primary surgical intervention was total excision for 13(54.2%) patients, subtotal excision for 9(37.5%) patients and biopsy for 2(8.4%) patients. All but three patients had chemoradiotherapy after first operation. Applied total dose of primary radiotherapy was 60 Gy per 2 fractions for all patients. Three patients received radiotherapy without temozolamide because of thrombocytopenia, liver toxicity and patient refuse, concurrently and after radiotherapy.
SRS treatment characteristics
Cyberknife re-irridation treatment was given to 20 patients (83.4%) as the first line treatment, 2(8.3%) patients for second line treatment and 2 (8.3%) patients for the third line treatment after recurrence is confirmed. Median GTV was 10.92 cm3 (2.70-60.84). Lesions were re-irridated with either a median dose of 18Gy in one fraction with a median GTV of 10.98 cm3 (five lesions), 18 Gy in three fractions with an median GTV of 8.03 cm3 (five lesions), and 30 Gy in five fractions with a median GTV of 16.72 cm3 (14 lesions). 3 patients had received cyberknife treatment after reoperation.
Survival
Two patients were alive at the time of survival analysis. All patients died as a result of disease progression. Median survival was 10.3 months after re-irridation with cyberknife and 23 months after diagnosis. Median overall survival from the diagnosis and median overall survival after cyberknife is represented in Figure 1 and Figure 2 ; respectively.
In univariate analysis; patients younger than 50 years had significantly longer overall survival compared with older patients (4.8 vs 14.2 month; p :0.05). Patients with total resection as primary treatment had also longer OS when compared with subtotal resection (9.3 vs 4.9 month; p :0.05).
There was no correlation between survival and fraction (<5 vs >5 fraction), total dose (<30 vs>30 Gy), tumor diameter (<35 vs >35 mm), tumor side ( right or left ) and primary operation (subtotal or total) type. Univariate analysis of prognostic factors was shown in Table 2 .
Multivariate analysis
Multivariate analysis was performed to investigate whether different variables influenced OS from cyberknife treatment in the study group. These included age at recurrence, localization of recurrence, and primary surgical procedure. None of these variables, demonstrated a statistically significant association with OS. Multivariate analysis of prognostic factors was shown in Table 3 .
Toxicity
We did not observe any clinically significant acute toxicity and all patients were able to take the prescribed cyberknife radiation dose without interruption. No patient required hospitalization or surgery for early acute or delayed toxicity. 
Discussion
Sterotactic radiosurgery (SRS), is a safe and effective treatment option for the patients with recurrent glioblastoma multiforme. It can be preffered in treating previously irradiated tumors, as it allows deliver the therapeutic dose to tumor area, while minimizing normal tissue toxicity (9) . We evaluated sterotactic radiosurgery outcomes of recurrent GBM patients treated in our instution. We observed 10.3 months overall survival after cyberknife treatment. We could not find any prognostic factors for overall survival.
Median survival times of around 11 months for patients with high grade glioma who were treated with fractionated stereotactic radiotherapy has been reported in the literature (10-12). Sutera et al reported salvage SRS results for 55 high-grade glioma patients (13) . Overall survival was 23.9 months and survival from SRS was 10.25 months, which is comparable to our results of 10.3 months.
However; overall survival was 23 months which is longer than many historical controls. We could not find any prognostic factors associated with overall survival after sterotactic radiotherapy. Sutera et al evaluated 55 high grade and 21 low grade patients treated with salvage SRS. They did not find any prognostic factors associated with inferior survival on univariate analysis for high grade glioma patients. Also, Combs et al could not find any statistical difference in survival in terms of gender, Karnofsky performance score, presence of neurological symptoms, age or type of primary surgical intervention or size of the lesion (<49 ml vs. >49 ml). Longer overall survival, for our patient cohort may be related with the selection criteria of patients for cyberknife. First, most of the patients received cyberknife treatment after recurrence as first line treatment, so overall survival after SRS might be relatively long; but overall survival in this group of patients was also longer. Second, cyberknife treatment is more effective in low volume tumors, so tumor volumes of the patient cohort are lower which have better prognosis. Third, most of the patients received bevacizumab therapy which was known to reduce radiotherapy related edema and radiation necrosis.
Glioblastoma multiforme recurrences, mostly develop within or in close proximity of the primary tumor site, which require tolerable and effective recurrence treatment (14) . There are a number of radiotherapeutic approaches for recurrent gliomas. Conventional external-beam radiotherapy is often associated with only small benefit for the patients, with mostly unacceptable toxicity and total dose is limited by normal tissue tolerance (15) . Cyberknife reduces this concern with minimal tissue exposure.
Our patients have not received any chemotherapy or immunotherapy during cyberknife treatment. The role of chemotherapy combined with SRS for recurrent glioma patients are unclear and prospective trials are needed. Stereotactic reirradiation in combination with temozolomide or bevacizumab reported to yield longer overall survival compared with radiation treatment alone (16). Minniti et al evaluated the efficacy of hypofractionated stereotactic radiotherapy (HSRT) combinationed with fotemustine or bevacizumab in patients with recurrent malignant glioma as salvage treatment. They reported longer overall survival after HSRT with bevacizumab than fotemustine combination (11 vs 8.3 months). The treatment was well tolerated (17).
In our study, patients younger than 50 years had longer overall survival than patients older than 50 years after SRS in univariate analysis, but not in multivariate analysis. Age is reported to be a prognostic factor in some studies however some studies did not find an association between young age and better prognosis. Fogh et al reported that younger age was associated with better overall survival (18) . Conversely, Veninga et al did not find overall survival difference between patients under 40 years and others (19) .
This study has limitations, in terms of; the small sample size and retrospective nature of the cohort. Additionally treatment modalities before and after SRS are heterogenous as a result of physician choice and experience. Radiation toxicity was difficult to evaluate because of limited reporting and unclear documentation. Although limitations exist, our study demonstrates that salvage SRS for recurrent GBM is feasible and well tolerated by patients with observed low toxicity
In conclusion, this study demonstrated the efficacy and tolerability of salvage SRS for recurrent glioma and contributed new data to the growing body of research. A group of patient benefit from first line cyberknife treatment after recurrence. Prospective randomized trials are necesseray to identify these patients.
